Benzyladenine treatment promotes floral feminization and fruiting in a promising oilseed crop Plukenetia volubilis  by Fu, Qiantang et al.
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Plukenetia  volubilis,  whose  seeds  contain  a high  content  of polyunsaturated  fatty  acids,  produces  approx-
imately  60  male  ﬂowers  but only  1–2 female  ﬂowers  per  inﬂorescence.  Increasing  the number  of  female
ﬂowers  is critical  for yield  improvement  of  P.  volubilis.  In this  study,  we determined  the effect  of  the  plant
growth  regulator  6-benzyladenine  (BA) on ﬂoral  sex determination  in  P.  volubilis.  Exogenous  application
of  BA  converted  male  ﬂowers  on most  of the  inﬂorescences  to female  ﬂowers,  and  approximately  8–20%
of  the  induced  female  ﬂowers  further  developed  into  fruits.  Treatment  with  various  concentrations  of  BA
resulted in  3–41  female  ﬂowers  per inﬂorescence,  reaching  the  highest  average  of 23.9  at  160  mg/L  BA
treatment.  There  were  3–22  inﬂorescences  with induced  female  ﬂowers  per  branch  on the  trees treatedemale ﬂowers
il plant
acha inchi
with  various  concentrations  of  BA,  and  the  highest  average  of 13.8  was  observed  at  20 mg/L  of  BA treat-
ment.  The  average  number  of  fruits  per infructescence  was  3.3  in  the  trees  treated  with the optimal
concentration  of BA  (20  mg/L),  compared  with  1.3  for infructescences  of  the control  trees.  The  results  of
this  study  show  that  BA  is  a plant  growth  regulator  with  the  potential  to  induce  ﬂoral  feminization  and
promote  fruiting  of  P. volubilis.
©  2014  Published  by Elsevier  B.V. This  is an  open  access  article  under the  CC  BY-NC-ND  license. Introduction
Plukenetia volubilis, also known as Sacha inchi or Inca peanut,
s a perennial oilseed vine belonging to the Euphorbiaceae family,
ative to the rainforests of South America (Hamaker et al., 1992).
he seeds of P. volubilis contain 25–27% protein and 41–54% oil,
hich comprises approximately 90% unsaturated fatty acids (oleic,
inoleic, linolenic) and is rich in vitamins E and A. The oil of P.
olubilis has great potential economic value in cosmetic, pharma-
eutical, and food industries (Guillén et al., 2003; Krivankova et al.,
007; Moser et al., 2007; Cai, 2011). Additionally, P. volubilis oil is a
romising resource for biofuel production (Zuleta et al., 2012), and
ts shells can be used to synthesize a silver nanocatalyst (Kumar
t al., 2014). While the composition and properties of P. volubilis
eeds are relatively well known (Hamaker et al., 1992; Sathe et al.,
002; Gutiérrez et al., 2011; Chirinos et al., 2013), little is known
bout its ﬂower development, especially sex differentiation. P. vol-
bilis is monoecious with separate male and female ﬂowers on the
∗ Corresponding author. Tel.: +86 691 8713051; fax: +86 691 8715070.
E-mail addresses: zfxu@xtbg.ac.cn, zengfu.xu@gmail.com (Z.-F. Xu).
ttp://dx.doi.org/10.1016/j.indcrop.2014.05.028
926-6690/© 2014 Published by Elsevier B.V. This is an open access article under the CC B(http://creativecommons.org/licenses/by-nc-nd/3.0/).
same inﬂorescence. There are about 60 small male ﬂowers, which
arrange in narrow raceme-like inﬂorescences, with only one or two
female ﬂowers near the base of the inﬂorescences. The paucity of
female ﬂowers may  be one of the main factors inﬂuencing the yield
potential of P. volubilis. Thus, developing a method to increase the
number of female ﬂowers will be helpful in improving the yield of
this crop.
Plant hormones are essential factors for alternative or plastic
sexual development in various plant species. Several hormones,
such as cytokinin, ethylene, gibberellins, and auxins have been
used successfully to convert male to female ﬂowers in many plant
species (Golenberg and West, 2013). In this work, we investigated
the effects of exogenous application of 6-benzyladenine (BA, a syn-
thetic compound with cytokinin activity) on ﬂoral feminization and
fruit yield of P. volubilis.
2. Materials and methods2.1. Plant materials and treatments
The experiment was  carried out using 6-month-old P. volu-
bilis trees, grown in the Xishuangbanna Tropical Botanical Garden
Y-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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21◦54′ N, 101◦46′ E, 580 m asl), Chinese Academy of Sciences
Mengla County, Yunnan Province, China). The trees were planted
ith 2 m × 2 m spacing, and supported by steel wires. We  selected
0 uniform trees at the beginning of the ﬂowering stage for each
reatment.
A stock solution (1 mg/ml) of BA (Bio Basic Inc., Toronto, Ontario,
anada) was prepared by dissolving 1 g BA in 8 ml  1 M NaOH and
ringing the ﬁnal volume to 1 L with distilled water. Tween-20
Polysorbate-20, Shanghai Sangon Biological Engineering Technol-
gy & Services Co., Ltd., Shanghai, China) was added to BA working
olutions at a ﬁnal concentration of 0.05% (v/v) as a wetting agent.
orking solutions of various concentrations of BA (5, 10, 20, 40,
0, and 160 mg/L) were sprayed onto entire trees with a hand
prayer, wetting the tree to the point of run-off (approximately
00 ml  BA working solution per tree). Control trees were sprayed
ith 300 ml  distilled water containing 0.05% (v/v) Tween-20 and
.28 mM NaOH (i.e., NaOH concentration equivalent to that in the
60 mg/L BA working solution). Spraying was conducted once at
usk. The experiments were carried out from July to September
013.
.2. Collection of ﬂower and fruit data
The experiment had a completely randomized design with
even experimental treatments, with three replications of each
reatment, and 10 trees per replicate. Ten similar new branches
er tree were chosen to count the number of female ﬂowers, poly-
emale inﬂorescences (>2 female ﬂowers per inﬂorescence), and
ig. 1. BA-mediated conversion of male ﬂowers into female ﬂowers on P. volubilis inﬂor
0  mg/L BA; (C) branch with inﬂorescences (control); (D) branch with poly-female inﬂo
nﬂorescence after treatment with BA at indicated concentrations; (F) number of poly-fem
ith  BA at indicated concentrations. Arrows indicate male ﬂowers; ﬁlled arrowheads ind
alues  are the mean of 30 trees ± SE, with three independent biological replicates. Signiﬁ
est.  **, statistically signiﬁcant at p < 0 .01.roducts 59 (2014) 295–298
fruits. The numbers of female ﬂowers per inﬂorescence and poly-
female inﬂorescences per branch were counted 1 month after the
BA treatments. A female ﬂower was deﬁned as a ﬂower with pis-
tils only. The number of fruits (diameter >2 cm) was counted on 3
infructescences (in the middle of the chosen branches) 2 months
after the BA treatments.
2.3. Statistical analyses
Data were analyzed using the Statistical Product and Service
Solution (SPSS) version 16.0 software (SPSS Inc, Chicago, IL, USA).
The signiﬁcance of differences among means was  determined using
one-way ANOVA with Tukey’s post hoc tests.
3. Results and discussion
3.1. BA converted male ﬂowers of P. volubilis into female ﬂowers
The number of female ﬂowers per inﬂorescence was signiﬁ-
cantly higher on BA-treated P. volubilis trees than on control trees
(Fig. 1). After treatment with BA, many female ﬂowers appeared
at the position where the male ﬂowers would normally be located
(Fig. 1A and B). Some bisexual ﬂowers with stamens and pistols
formed at the upper part of the inﬂorescence. Each BA-treated
inﬂorescence produced 3–41 female ﬂowers, whereas there were
only 1–2 female ﬂowers on control inﬂorescences. The number of
female ﬂowers on BA-treated inﬂorescence increased with increas-
ing concentrations of BA, reaching an average of 23.9 at 160 mg/L
escences. (A) Inﬂorescence of control trees; (B) inﬂorescence of trees treated with
rescences (from trees treated with 20 mg/L BA); (E) number of female ﬂowers per
ale inﬂorescences (>2 female ﬂowers per inﬂorescence) per branch after treatment
icate native female ﬂowers; open arrowheads indicate BA-induced female ﬂowers.
cant differences between treatments and control were determined using Tukey’s
 and P
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f BA (Fig. 1E). Treatments with high concentrations of BA (80
r 160 mg/L) resulted in the conversion of all of the male ﬂow-
rs to female ﬂowers on some inﬂorescences. Most of the female
owers induced by the 20 or 40 mg/L BA treatments showed nor-
al  morphology. Treatments with high concentrations of BA (80
r 160 mg/L) resulted in an increase in the number of abnormal
emale ﬂowers, although these treatments induced more female
owers than did the low-concentration BA treatments. The abnor-
al  female ﬂowers induced by high concentrations of BA had a
urved style and/or a closed stigma. Some of the abnormal female
owers were wrapped by petals, and could not develop into fruits.
ig. 2. Effect of BA on fruiting in P. volubilis. (A) Infructescence from control trees; (B) in
rees;  (D) fruiting branch from trees treated with 20 mg/L BA; (E) number of fruits (diame
alues  are the mean of 30 trees ± SE, with three independent biological replicates. Signiﬁ
est.  ** and *, statistically signiﬁcant at p < 0 .01 and p < 0 .05, respectively.roducts 59 (2014) 295–298 297
Numerous studies have shown that several phytohormones
have masculinizing or feminizing effects in various species. Ethyl-
ene was  shown to be the key feminization-determining hormone
in cucumber (Ando et al., 2001; Grumet and Taft, 2011). Gib-
berellic acid was reported to have a masculinizing effect on
Spinacia oleracea (Chailakhyan and Khryanin, 1978), but a femi-
nizing effect on Hyoscyamus niger and maize (Resende and Viana,
1959; Dellaporta and Calderon-Urrea, 1994). Auxin was shown
to have a feminizing effect on Opuntia stenopetala and Cannabis
sativus (Heslop-Harrison, 1956; Orozco-Arroyo et al., 2012), but
a masculinizing effect on Mercurialis annua (Hamdi et al., 1987).
fructescence from trees treated with 20 mg/L BA; (C) fruiting branch from control
ter >2 cm)  per infructescence after treatment with indicated concentrations of BA.
cant differences between treatments and control were determined using Tukey’s
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s reported in several studies, cytokinin has a feminizing effect
n ﬂowers of diverse species including Mercurialis annua,  Vitis
inifera, Luffa cylindrica,  and Pinus densiﬂora (Negi and Olmo, 1966;
auphin-Guerin et al., 1980; Takahashi et al., 1980; Wakushima
t al., 1996). The results of the present study are consistent with
hose ﬁndings. Treatment with BA was also found to induce more
emale ﬂowers and bisexual ﬂowers in Jatropha curcas and Rici-
us communis,  both of which are in the same family as P. volubilis
Euphorbiaceae) (Pan and Xu, 2011; Tan et al., 2011).
The BA treatments induced many poly-female inﬂorescences
>2 female ﬂowers per inﬂorescence), which were not observed
n control trees (Fig. 1C and D). Approximately 3–22 poly-female
nﬂorescences per branch formed on trees treated with various con-
entrations of BA, with the highest average number (13.8) in the
0 mg/L BA treatment (Fig. 1F). High concentrations of BA (80 or
60 mg/L) damaged the young branches, resulting in the wither-
ng of shoot tips and fewer poly-female inﬂorescences on newly
eveloping branches.
.2. BA treatment signiﬁcantly increased fruiting of P. volubilis
The number of female ﬂowers is a critical determinant of fruit
umber in monoecious plants. Approximately 8–20% of the BA-
nduced female ﬂowers further developed into fruits (diameter
2 cm), which resulted in more fruits per infructescence than the
ontrol (Fig. 2). There were only 1–2 and average of 1.3 fruits
er infructescence in the control (Fig. 2A, C and E), whereas BA
reatments resulted in the production of 1–7 fruits per infructes-
ence, with an average of 3.3 fruits in the 20 mg/L BA treatment
Fig. 2B, D and E). The number of fruits increased with increas-
ng concentrations of BA from 5 mg/L to 20 mg/L, but decreased
s the concentration of BA increased from 40 mg/L to 160 mg/L
Fig. 2E). Treatment with 20 mg/L BA produced the highest num-
er of fruits per infructescence (Fig. 2E). Although the poly-female
nﬂorescences were continuously distributed on branches (Fig. 1D),
he poly-fruit infructescences (>2 fruits per infructescence) were
nevenly distributed (Fig. 2D). This was probably because of an
neven allocation of photosynthetic products and/or a poor nutri-
nt supply.
The results of the present study indicate that cytokinin may
lay an important role in female ﬂower development of P. volubilis.
hus, there is great potential to use this plant growth regulator to
mprove the fruit yield of P. volubilis by increasing the number of
emale ﬂowers. Future research should focus on whether exoge-
ous BA can improve the seed yield of P. volubilis. Also, to further
lucidate the molecular mechanism of cytokinin in determining ﬂo-
al sex in P. volubilis, the endogenous cytokinin levels in male and
emale ﬂowers at early developmental stages should be quantiﬁed,
nd genes encoding key enzymes in cytokinin metabolism in P. vol-
bilis should be cloned and characterized (Werner and Schmulling,
009). Such studies will provide information that can be used to
urther improve the yield of P. volubilis via genetic engineering.
cknowledgements
This work was supported by funding from the Top Science
nd Technology Talents Scheme of Yunnan Province (Grant No.
009CI123), the Special Fund for the Technology Innovation and
ndustrial Development Project of Yunnan Province (2012XB050),
he CAS 135 program (XTBG-T02) awarded to Z.-F. Xu, and the Westroducts 59 (2014) 295–298
Light Foundation of CAS awarded to Q. T. Fu. The authors gratefully
acknowledge the Central Laboratory of the Xishuangbanna Tropical
Botanical Garden for providing research facilities.
References
Ando, S., Sato, Y., Kamachi, S., Sakai, S., 2001. Isolation of a MADS-box gene (ERAF17)
and correlation of its expression with the induction of formation of female ﬂow-
ers by ethylene in cucumber plants (Cucumis sativus L.). Planta 213, 943–952.
Cai, Z.Q., 2011. Shade delayed ﬂowering and decreased photosynthesis, growth
and  yield of Sacha Inchi (Plukenetia volubilis) plants. Ind. Crops Prod. 34,
1235–1237.
Chailakhyan, M.K., Khryanin, V.N., 1978. Effect of growth regulators and role of roots
in sex expression in spinach. Planta 142, 207–210.
Chirinos, R., Zuloeta, G., Pedreschi, R., Mignolet, E., Larondelle, Y., Campos, D., 2013.
Sacha inchia (Plukenetia volubilis): seed source of polyunsaturated fatty acids
tocopherols, phytosterols, phenolic compounds and antioxidant capacity. Food
Chem. 141, 1732–1739.
Dauphin-Guerin, B., Teller, G., Durand, B., 1980. Different endogenous cytokinins
between male and female Mercurialis annua L. Planta 148, 124–129.
Dellaporta, S.L., Calderon-Urrea, A., 1994. The sex determination process in maize.
Science 266, 1501–1505.
Golenberg, E.M., West, N.W., 2013. Hormonal interactions and gene regulation can
link monoecy and environmental plasticity to the evolution of dioecy in plants.
Am.  J. Bot. 100, 1022–1037.
Grumet, R., Taft, J., 2011. Sex expression in cucurbits. In: Wang, Y.H., Behera, T.K.,
Kole, C. (Eds.), Genetics, Genomics and Breeding in Crop Plants. Science Publish-
ers, Enﬁeld, New Hampshire, pp. 353–375.
Guillén, M.D., Ruiz, A., Cabo, N., Chirinos, R., Pascual, G., 2003. Characterization of
sacha inchi (Plukenetia volubilis L.) oil by FTIR spectroscopy and 1H NMR. Com-
parison with linseed oil. J. Am. Oil Chem. Soc. 80, 755–762.
Gutiérrez, L.F., Rosada, L.M., Jiménez, A., 2011. Chemical composition of sacha inchi
(Plukenetia volubilis L.) seeds and characteristics of their lipid fraction. Grasas
Aceites 62, 76–83.
Hamaker, B.R., Valles, C., Gilman, R., Hardmeier, R.M., Clark, D., García, H.H., Gonzales,
A.E., Kohlstad, I., Castro, M., 1992. Amino acid and fatty acid proﬁles of the Inca
peanut (Plukenetia volubilis L.). Cereal Chem. 69, 461–463.
Hamdi, S., Teller, G., Louis, J.P., 1987. Master regulatory genes, auxin levels, and
sexual organogeneses in the dioecious plant Mercurialis annua.  Plant Physiol.
85,  393–399.
Heslop-Harrison, J., 1956. Auxin and sexuality in Cannabis sativa. Physiol. Plant. 9,
588–597.
Krivankova, B., Polesny, Z., Lojka, B., Lojkova, J., Banout, J., Preininger, D., 2007. Sacha
Inchi (Plukenetia volubilis, Euphorbiaceae): a promising oilseed crop from Peru-
vian Amazon. In: Utilisation of diversity in land use systems: Sustainable and
organic approaches to meet human needs, Tropentag, 9–11 October. Witzen-
hausen, Germany.
Kumar, B., Smita, K., Cumbal, L., Debut, A., 2014. Sacha inchi (Plukenetia volu-
bilis L.) shell biomass for synthesis of silver nanocatalyst. J. Saudi Chem. Soc,
http://dx.doi.org/10.1016/j.jscs.2014.03.005
Moser, P., Freis, O., Gillon, V., Danoux, L., 2007. Extract of a plant belonging to the
genus Plukenetia volubilis and its cosmetic use. US 20070264221 A1.
Negi, S.S., Olmo, H.P., 1966. Sex conversion in a male Vitis vinifera L. by a kinin. Science
152, 1624.
Orozco-Arroyo, G., Vázquez-Santana, S., Camacho, A., Dubrovsky, J.G., Cruz-García,
F., 2012. Inception of maleness: auxin contribution to ﬂower masculinization in
the  dioecious cactus Opuntia stenopetala. Planta 236, 225–238.
Pan, B.Z., Xu, Z.F., 2011. Benzyladenine treatment signiﬁcantly increases the seed
yield of the biofuel plant Jatropha curcas.  J. Plant Growth Regul. 30, 166–174.
Resende, F., Viana, M.J., 1959. Gibberellin and sex expression. Portugal. Acta Boil. 6,
77–98.
Sathe, S.K., Hamaker, B.R., Clara Sze-Tao, K.W., Venkatachalam, M., 2002. Isolation,
puriﬁcation, and biochemical characterization of a novel water soluble protein
from inca peanut (Plukenetia volubilis L.). J. Agric. Food Chem. 50, 4906–4908.
Takahashi, H., Suge, H., Saito, T., 1980. Sex expression as affected by N6-
benzylaminopurine in staminate inﬂorescence of Luffa cylindrica. Plant Cell
Physiol. 21, 525–536.
Tan, M.l., Yan, M.F., Wang, L., Yan, X.C., 2011. Effect of chemical treatments on sex
expression of Ricinus communis.  Chin. Agric. Sci. Bull. 27, 164–169.
Wakushima, S., Yoshioka, H., Sakurai, N., 1996. Lateral female strobili production in
a  Japanese red pine (Pinus densiﬂora Sieb, Et Zucc.) clone by exogenous cytokinin
application. J. Forest Res. 1, 43–148.Werner, T., Schmulling, T., 2009. Cytokinin action in plant development. Curr. Opin.
Plant Biol. 12, 527–538.
Zuleta, E.C., Rios, L.A., Benjumea, P.N., 2012. Oxidative stability and cold ﬂow behav-
ior of palm, sacha-inchi, jatropha and castor oil biodiesel blends. Fuel Process.
Technol. 102, 96–101.
